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Abstract. In a temperature dependent CPT-Violating (CPTV) axial time-like background
(induced by the Kalb-Ramond tensor field of string theory) we discuss leptogenesis by solving
the Boltzmann equation. The current work non-trivially modifies the framework of a previous
phenomenological approach (where the author was involved) where the CPTV azial background
was considered to be a constant. The constant background approximation is shown to capture
the main phenomenological features of leptogenesis.

1. Introduction and Motivation

It has been shown [1, 2, 3] that matter-antimatter asymmetry (through leptogenesis), can occur
in appropriate constant backgrounds in the cosmological (Robertson-Walker) frame of the early
universe. Such constant backgrounds were associated with postulated axial current condensates.
In the model leptogenesis originates from tree-level decays of a heavy sterile (right-handed,
Majorana) neutrino (RHN) into Standard Model (SM) leptons, in the presence of a generic
CPTV time-like axial background [2, 3]. The relevant Lagrangian is given by:

L= Lsy+iNJIN — %(WN + NN¢) — NBy°N — Z yrLr@N + h.c. (1)
k

where Lgn denotes the SM Lagrangian; B, is a CPTV background field, associated with physics
beyond the SM; N is the RHN spinor field, with (Majorana) mass my; N€¢ is the charge conjugate
spinor; ¢ is the adjoint (@; = €;5¢;) of the Higgs field ¢; Ly, is a lepton (doublet) field of the
SM sector, with k£ a generation index; vy is a Yukawa coupling, which is non-zero and provides
a non-trivial (“Higgs portal”) interaction between the RHN and the SM sectors. For simplicity
[2, 3] we restrict ourselves to the first generation (k = 1), and set y; = y. In [2, 3|, the model
assumed that B, has only a non-zero temporal component with no time or space dependence
(compatible with spatial homogeneity):

By =constant #0 , B; =0,i=1,2,3 . (2)

The Lagrangian (1) then reduces to a Standard Model Extension (SME) Lagrangian in a Lorentz
and CPTV background [5]. In the presence of the background (2) and the Higgs portal Yukawa
interactions of (1) [2, 3|, a lepton asymmetry is generated due to the CP and CPTV tree-level
decays of the RHN N into SM leptons,:

Channel I : N —=1"ht, vh?, (3)
Channel IT : N —=1Th™, vh.
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where ¢+ are charged leptons, v (7) are light “active” neutrinos (antineutrinos) in the SM sector,
hY is the neutral Higgs field, and h* are the charged Higgs fields. As a result of the non-trivial
By # 0 background (2), the decay rates of the Majorana RHN between the channels I and II
are different, resulting in a lepton asymmetry, ALTOT which then freezes out at a temperature
Tp. In [3], a detailed study of the associated Boltzmann equations for the processes in (3), and
their reciprocals, led to the result:

ALTOT B
~ (0.016, 0.019) —2, my/Tp ~ (1.44, 1.77), (4)

S muy

where s is the entropy density of the universe. This implies that the phenomenologically
acceptable values of the lepton asymmetry of O(8 x 107!!), can then be communicated to
the baryon sector through (B-L) conserving sphaleron processes in the SM (where B is baryon
number and L is lepton number). The observed amount of baryon asymmetry (baryogenesis) in
the universe, occur for values of

By

— ~ 1077, at freezeout temperature T =Tp: my/Tp ~ (1.77,1.44), (5)
my

With a value of the Yukawa coupling y ~ 107°, and for my = O(100) TeV [2, 3] we thus
obtain a By ~ 0.1 MeV, for phenomenologically relevant leptogenesis to occur at Tp ~ (56 — 69)
TeV, in our scenario. In [2, 3] the microscopic justification of the background By was based on
speculation.

2. Microscopic (string-inspired) framework

A physically interesting and simple microscopic scenario for By is one in which the CPT-
Violating background (CPTV) is provided by the field strength of the spin-1 antisymmetric
tensor (Kalb-Ramond (KR)) field which is part of the massless (bosonic) gravitational multiplet
of strings [1, 2]. The bosonic gravitational multiplet of a generic string theory consists of three
fields [6]: a traceless, symmetric, spin-2 tensor field g,,, that is uniquely identified with the
graviton, a spin 0 (scalar) field, the dilaton ® ( identified with the trace of the graviton), and the
spin-1 antisymmetric tensor (Kalb-Ramond) field B,, = —B,,. In this work we restrict ourselves
to the closed string sector, where there is a U(1) gauge symmetry B, — By, + 0,0, — 0,0,
which characterises the target-space effective action; so in the action it is the gauge-invariant
three-form field strength of the field B, , with components

H,ul/p = a[u Byp]a (6)

which appears; the symbol [...] denotes complete antisymmetrisation of the respective indices.
The 3-form H,,, satisfies, by construction, the Bianchi identity

O Hypo) = 0. Q

The bosonic part of the (3+1)-dimensional effective action, Sp, in the Einstein frame is [7]
1 _
Sp =55 [ dav=g (R — e, HM Q) T (8)

where G = Mp? is the (3+1)-dimensional Newton constant (with Mp the four-dimensional
Planck mass), and is related to the string mass scale M, via [6]: G=! = V(™) M2t" with V(™) a
compactification volume (or appropriate bulk volume factor, in brane universe scenarios). For
standard (ten space-time dimensional) superstrings n=6. The last term Q on the rhs of (8)
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represents a vacuum energy term. It can arise either in non-critical-dimension string models [8],
or from bulk contributions in brane universe scenarios; in the latter case, it includes anti-de-
Sitter-type (negative) contributions [9]. The ... represent terms containing derivatives of the
dilaton field, ®; @ is assumed [2, 3] to be slowly varying at epochs of the Universe, relevant for
leptogenesis. As a first approximation we take ® ~ constant, and absorb it in an appropriate
normalisation of the KR field. In this approximation, the vacuum energy term {2 is treated as a
constant that is determined phenomenologically by requiring appropriately suppressed vacuum
energy contributions. It is known [6, 7] that the KR field strength terms H? in (8) can be
absorbed into a generalised curvature scheme with a “torsionful connection”, with the contorsion
proportional to H},, field strength, FZ =T + Hf, # Fw, where '), = F Dy is the torsion-free
Christoffel symbol. Fermion fields, of mass m, are minimally coupled to the contorsion (which
is proportional to Hf, ). The corresponding Dirac term for fermions reads [10, 2, 3]:

Spirse = [ d'av/=g |5 (53D @) 0 - B@) )1 6) - mT ).
/ d4x\/fg¢ (w“é’u - m)w + / d'z/=g (Fu+ Bu) 97"y
D, =0, — wbca bc’ Uabzﬁ

4 2[
1 _
FH =¥l d,e) . BF = —Ze_g‘ﬁaabc”Habc, JOH = hyHaPe, (9)

’Ya7'}’b] ’ wﬂab [5' eub + I—w a ]

where efj(r) are the vielbeins; g, (z) = ej(x ) Nap €2(); Mgy is the Minkowski metric of the
tangent space at a space-time point with coordlnates x#; the generalised spin-connection is:
Waby = Wabp + Kapp; Kape = % (Heap — Hape — Hpea) = —% Hape; wapy is the standard torsion-free
spin connection. Our convention is that Latin letters denote tangent-space indices, while Greek
letters refer to space-time indices. In (9), we used standard properties of the y-matrices. For
a Robertson-Walker metric g, background, of relevance to us here, F, = 0, and thus we can
write the action (9) in the form:

Spirac = Shice. + / d'zv/=g Buy*y" = Shifa. — / d*a\/=gB,,J*", (10)
thus yielding a minimal coupling of the H,,, field to the fermion axial current. In four space-

time dimensions, the KR three-form H can be expressed in terms of its dual pseudoscalar b(x)
(KR “axion” ) field [8, 10]

1
oMb = _Ze—Q%GbC“H“bC, (11)

where €912 = 41, g3 = —1, etc. is the gravitationally covariant totally antisymmetric

Levi-Civita tensor. From the definition of B, in (9), we deduce that
BF = otb(z) . (12)

The full effective action Sy is given by

1
Seff = S + Spirac = o 5.2 /d41’\/ (R+ —-0;00%b — Q)
2
+sbi - [ devmgops =Y [dev=g . )
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Upon splitting the quantum field into a background, b(x), and fluctuations, B(x),

b(z) = b(z) + b(x), (14)

we find the equations of motion for the KR background field b(z) to be,
B [\/— (iaaé g a)] —0 (15)
a g 31%2 - Y

It was assumed that the background field b(z) is linear in cosmic time ¢, so that b is constant
and prevents any mixing terms (bb) appearing in the effective action. On expanding the current
about the condensate J§ = (J3) + quantum fluctuations (and ignoring the fluctuations) and
setting B,, = 8“1_) we obtain,

o[v=a(5 580~ L0))] =0, (16)

from this expression we are able to obtain the temperature dependence for the CPT violating
background field By(T). We replace the condensate of the axial current in (16) by its
thermal counterpart, (J°°)7, since we assume thermal equilibrium for (high) temperatures
above decoupling of the heavy sterile neutrinos 7" > Tp. It is found that the thermal current
expectation value (J9°)7 sums to zero and therefore does not contribute [4]. In our cosmological
scenario, the backgrounds depend at most on cosmic time, which in turn can be related to
temperature, t = t(T'). The relationship between the cosmic time ¢ and temperature 7' depends
on the cosmological era. If we assume that the decoupling temperature Tp = O(100) TeV (as
was the case for the constant-By case of [3]) the relevant cosmological era is the radiation era.
This assumption will, a posteriori, be shown to be consistent. In the radiation era, for which
the scale factor a(t) of the universe scales as follows :

a)gag ~ 2~ T™V = AT (17)

The metric determinant then scales in that era as /—g o a(t)® o« T73. The most general
solution of (16) then, when expressed in terms of 7" reads:

By(T) ~ AT3, (18)

where the constant A will be determined by the boundary condition By(T = Tp ~ 100 TeV),
which in turn is given by the requirement of the production of phenomenologically acceptable
values for lepton asymmetry.

3. Leptogenesis

In this section we proceed to solve the lepton asymmetry Boltzmann equation that will allow
a determination of the asymmetry abundance for the decay processes into the charged leptons
N < I=hT and N < ITh™, as well as the decay processes into the neutral leptons N < vh® and
N < vh?. For details on the analysis of the abundance of the heavy neutrino see [3, 4]. The
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lepton asymmetry Boltzmann equation is given by,

dL m
THI@L=K@), w=-m <l L=Yo Y, (19)

J(z) = w?z'%3(1 — 0.56682% + 0.37492%),

K(z) = [V2x13/3(1 —0.23852% — 0.35382) Yy (2)

B
— o2213/3(1 — 0127727 — 1.40672%) — 62 Bole)

mn

w? ~1.1381, 1?2 ~6.5459, o2 ~0.0281, &%~ 0.038.
where for 0 < x < 1 the solution for By(zx) is given by:
By=AT3=dz73, d=Amy. (20)

This is the modification from the analysis given in [3] to include the temperature dependence
of the CPT violating background field. The integrating factor method (for a linear first order
differential equation) is used to solve the Boltzmann equation. The general solution is given by,

L(x) = I7 () / A K (3)10(7). (21)
where the integrating factor is given by,
I ~

Ir(z) = exp [ / dng(:z)] = Dexp [0.26269313/3 —0.10192193 4 0.05122%/3].  (22)

When using the integrating factor, the expression is simplified by expanding the exponential
to first order in the calculation of the integral appearing in the general solution. The general
solution is given by,

d
Ll <)~ — [1 — 2'3/3(0.2626 — 0.101922 + 0.0512:1,-4)] (23)
N

X [0.01935—2 +0.018227/3 — 0.002723/3 + 0.00142%/3 + 0.0022:29/3
—0.0023225/3 1 0.0013232/3 — 0.0042 + 0.000128/3 + 0.0028213
—0.00012*/3 — 0.00052° — 0.003826/3 + Cg} .

The final constant of integration (Cp) is found by equating the lepton asymmetry equilibrium
abundance to the Boltzmann solution (£ (zp) ~ L(xp)) evaluated at a point zp < 1.

BQ(.’L’)

L8(x) ~ 0.0455 x, Bo(z) ~ &3, (24)
where the lepton asymmetry equilibrium abundance is the difference between the leptons of
helicity A = —1 and the anti-leptons of helicity A = +1. Once a point xp is chosen we perform a
(7,7) diagonal Padé expansion around this point for the Boltzmann equation solutions (£(z < 1)
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Table 1. A table showing the different values of the constant ® and the background field By
with respect to different expansion points zp at the decoupling value of zp = 1.

i
xrp = — ®(keV) By(xzp)(keV)
my
0.50 3.6 x107'2 0.36 0.36
0.75 5.9x107'2 0.59 0.59

0.90 7.4x107'2 0.74 0.74

and Yy(z < 1)) in order to study the regime of * = zp > 1 where decoupling orders. The
observable lepton asymmetry is then calculated by,

ALTotal P =1 1 P
- ’C_P("”D cep <) ® g0, (25)
S 2YN($D:17 :L‘p<1) my

where ¢ is a number that depends on the expansion point zp. Equating this result to the
phenomenological value we obtain a range of values for the constant ® depending on the chosen
point xp, the value of decoupling is xp = 1. The results are given in table 1.

Compared to the case of constant By studied in [3], we observe that the LV and CPTV value
of the background field By at decoupling Tp = O(100) TeV, which yields phenomenologically
acceptable lepton asymmetry in the universe is smaller, being in the keV range. Using the
temperature dependence of the background field and the final constant being known from the
point of decoupling (® = (0.36 — 0.74) keV), we can get an estimate of the magnitude of the
background field today. Today we have 9% ~ 4.2 x 10'7 which leads to,

BéOday _ Bo(xtoday) ~ (49 _ 100) % 10751 eV (26)

These values indicate that the current value of the “torsion” LV and CPTV field By lies
comfortably within the current bounds [11], By < 0.01 eV and (for the spatial components)
B; < 1073 GeV; so even a boost by small velocities, due to a difference of the laboratory frame
with respect to the cosmological frame, will still yield spatial components within the above
limits.

4. Conclusions

In this work we have generalised our previous study of leptogenesis based on a constant LV
and CPTV time-like axial background to the case of a torsion background varying with the
temperature of the early universe. The torsion is provided here by the antisymmetric tensor
(Kalb-Ramond) spin-one field of the massless bosonic multiplet of closed string theory. The
phenomenology of our leptogenesis, remains largely unchanged from the constant background
case, and is consistent with the stringent current epoch constraints on LV and CPTV, as well
as cosmological constraints on the vacuum energy density. The order of magnitude estimate
of the CPT violating background field required to produce the observed lepton asymmetry is
calculated to be By(zp) ~ (0.36 — 0.74) keV.
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